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SUPPORTED NICKEL-MAGNESIUM OXIDE CATALYSTS 
AND PROCESSES FOR THE PRODUCTION OF SYNGAS 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This appUcation claims the benefit under 35 U.S.C. § 119(e) of U.S. Provisional 
Patent AppUcation No. 60/21 1,077 filed June 13, 2000. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention generally relates to catalysts and processes for the catalytic 
partial oxidation of Ught hydrocarbons (e.g. natural gas) to produce synthesis gas, and more 
particularly to such catalysts comprising a mixture of nickel oxide and magnesium oxide 
supported on a porous metal substrate. 
Description of Related Art 

Large quantities of methane, the main component of natural gas, are available in 
many areas of the world, and natural gas is predicted to outlast oil reserves by a significant 
margin. However, most natural gas is situated in areas that are geographically remote from 
population and industrial centers. The costs of compression, transportation, and storage 
make its use economically unattractive. 

To improve the economics of natural gas use, much research has focused on 
melhane as a starting material for the production of higher hydrocarbons and hydrocarbon 
liquids. The conversion of methane to hydrocarbons is typicaUy carried out in two steps. In 
the first step, methane is refonned with water to produce carbon monoxide and hydrogen 
(i.e., synthesis gas or syngas). In a second step, the syngas is converted to hydrocarbon 
waxes and other hydrocarbon products, for example, fiiels boiling in the middle distiUate 
range such as kerosene and diesel fiiel, by the Fischer-Tropsch process. 

Current industrial use of methane as a chemical feedstock typically begins with 

the conversion of methane to carbon monoxide and hydrogen by either steam refomiing, 
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which is the most widespread process, or by dry reforming. Steam reforming currently is 
the major process used commercially for the conversion of methane to synthesis gas, 
proceeding according to Equation 1 . 

CH4 + H20<=>CO + 3H2 (1) 
5 Although steam reforming has been practiced for over five decades, efforts to 

improve the energy efiBciency and reduce the capital investment required for this technology 
continue. 

The use of catalysts to effect the partial oxidation of hydrocarbons, e.g., natural 
gas or methane to syngas, is also a process known in the art. Although it currently has 
10 limited commercial usage, catalytic partial oxidation has recently attracted much attention 
due to significant inherent advantages, including the fact that significant heat is released 
during the process, in contrast to steam reforming processes. 

In catalytic partial oxidation, natural gas is mixed with air, oxygen-enriched air, 
or oxygen, and introduced to a catalyst at elevated temperature and pressure. The partial 
15 oxidation of methane yields a syngas mixture with a H2:CO ratio of 2:1, as shown in 
Equation 2. 

CH4+y202<J=>CO + 2H2 (2) 
This ratio is more usefiil than the HarCO ratio from steam reforming for 
conversion of syngas to chemicals such as methanol and to fixels. Furthermore, oxidation 
20 reactions are typically much faster than refomoing reactions. Thus, much smaller reactors 
can be used for the partial oxidation reaction than are needed for steam reforming. The 
syngas in turn may be converted to hydrocarbon products, for example, fixels boiling in the 
middle distillate range, such as kerosene and diesel fixel, and hydrocarbon waxes by 
processes such as the Fischo^-Tropsch synthesis. 



2 



wo 01/96234 PCT/USOl/19252 

U.S. Patent No. 5,648,582 discloses a process for the catalytic partial oxidation of 
a feed gas mixture consisting of essentially methane. The methane-containing gas feed 
mixture and an oxygen-containing gas are passed over a supported metal catalyst at space 
velocities of 800,000 hr-l to 12,000,000 hr-1. The catalytic metals are selected from the 
group consisting of rhodium, nickel and platmum. 

M. Fathi et al., Catal Today, 42, 205-209 (1998) disclose the catalytic partial 
oxidation of methane over Pt, Pt/Rh, Pt/Ir and Pd gauze catalysts at contact times of 0.21 to 
0.33 milliseconds. Pt, Pt/5%Rh and Pt/10%Rh gauzes were tested under the same conditions 
at 700 to 1100°C. The best results were obtained at 1100°C using the Pt/10%Rh gauze 
catalyst. The CH4 conversion was about 30%; the oxygen conversion was about 60%; the 
CO selectivity was about 95%; and the hydrogen selectivity was about 30%. 

European l^atent No. 0640559A1 discloses a process for the partial oxidation of 
natural . gas which is carried out by means of a catalyst constituted by one or more 
compounds of metals from the Platinum Group, which is given the shape of wire meshes, or 
is deposited on a carrier made from inorganic compounds, in such a way that the level of 
metal or metals from Platinum Group, as percent by weight, comprise within the range of 
from 0.1 to 20% of the total weight of catalyst and carrier. The partial oxidation is carried 
out at temperatures in the range of from 300 to 950°C, at pressures in the range of from 0.5 
to 50 atmospheres, and at space velocities comprised in the range of from 20,000 to 
1,500,000 h-1. The metal catalysts from the Platinum Group are selected from rhodium, 
ruthenium and iridium. 

European Pat. No. 0576096A2 discloses a process for the catalytic partial 
oxidation of a hydrocarbon feedstock, which process comprises contacting a feed 
comprising the hydrocarbon feedstock, an oxygen-containing gas and, optionally, steam at 
an oxygen-to-carbon molecular ratio in the range of from 0.45 to 0.75, at elevated pressure 
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with a catalyst in a reaction zone under adiabatic conditions. The catalyst comprises a metal 
selected from Group VIII of the Periodic Table and supported on a carrier and is retained 
within the reaction zone in a fixed arrangement having a high tortuosity. The process is 
characterized in that the catalyst comprises a metal selected from ruthenium, rhodium, 
palladium, osmium, iridium and platinum, and the fixed arrangement of the catalyst is in a 
form selected from a fixed bed of a particulate catalyst, a metal gauze and a ceramic foam. 

The selectivities of catalytic partial oxidation to the desired products, carbon 
monoxide and hydrogen, are controlled by several fectors, but one of the most important of 
these factors is the choice of catalyst composition. Heretofore, typical catalyst compositions 
have included precious metals and/or rare earths. The large volumes of expensive catalysts 
needed by prior art catalytic partial oxidation processes have generally prevented these 
processes from becoming economically feasible. 

For successful operation at commercial scale, the catalytic partial oxidation 
process must be able to achieve a high conversion of the methane feedstock at high gas 
hourly space velocities, and the selectivity of the process to the desired products of carbon 
monoxide and hydrogen must be high. Such high conversion and selectivity must be 
achieved without detrimental effects to the catalyst, such as the formation of carbon deposits 
("coke") on the catalyst, which severely reduces catalyst performance. Accordingly, 
substantial effort has been devoted in tiie art to the development of catalysts allowing 
commercial performance without coke formation. 

A number of process regimes have been proposed in the art for the production of 
syngas via partial oxidation reactions. For example, the process described in U.S. Pat. No. 
4,877,550 employs a syngas generation process using a fluidized reaction zone. Such a 
process however, requires dowiastream separation equipment to recover entrained supported- 
nickel catalyst particles. 
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To overcome the relatively hi^ pressure drop associated with gas flow through a 
fixed bed of catalyst particles, which can prevent operation at the high gas space velocities 
required, various structures for supporting the active catalyst in the reaction 2X)ne have been 
proposed U.S. Pat. No. 5,510,056 discloses a monolithic support such as a ceramic foam or 
fixed catalyst bed having a specified tortuosity and number of interstitial pores that is said to 
allow operation at high gas space velocity. The preferred catalysts for use in the process 
comprise ruthenium, rhodium, palladium, osmium, iridium, and platinum. Data are 
presented for a ceramic foam supported rhodhmi catalyst at a rhodium loading of firom 0.5- 
5,0 wt%. 

U.S. Pat No. 5,648,582 also discloses a process for the catalytic partial oxidation 
of a feed gas mixture consisting essentially of methane. The methane-containing feed gas 
mixture and an oxygen-containing gas are passed over an alumina foam supported metal 
catalyst at space velocities of 120,000 hr."^ to 12,000,000 hr."^ The catalytic metals 
exemplified are rhodium and platinum, at a loading of about 10 wt %. 

Catalysts containing Group VIII metals such as nickel on a variety of supports are 
known in the art For example, V. R, Choudhary et al. (J, Catalysis 172: 281-293 (1997); 
Fuel Processing Technology 60:203-21 1 (1999)) disclose the partial oxidation of methane to 
syngas at contact times of 4,8 ms (at STP) over supported nickel catalysts at 700 and 800°C, 
Certain catalysts were prepared by depositing NiO-MgO on different commercial low 
surface area porous catalyst carriers consisting of refractory compounds such as SiOj, 
AI2O3, SiC, Zr02 and HfOa. The catalysts were also prepared by depositing NiO on the 
catalyst carriers with different alkaline and rare earth oxides such as MgO, CaO, SrO, BaO, 
Sm203 and YbaOa. The beneficial effect of precoating a catalyst support containing A1203 
and Si02 with MgO before depositing nickel oxide on the support have been discussed 
(V.R. Choudhary et al. Catalysis Letters 32:387-390 (1995)). 
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U.S. Pat. No. 5,149,464 discloses a method for selectively converting methane to 
syngas at 650°C to 950°C by contacting liie methane/ojcygen mixture with a solid catalyst, 
which is eithen 

a catalyst of the formula MxM'yOz where: 

M is at least one element selected from Mg, B, Al, Ln, Ga, Si, Ti, Zr, Hf and Ln 

where Ln is at least one member of lanthanum and the lanthanide series of elements; 

M* is a d-block transition metal, and 
. each of the ratios x/z and y/z and (x4y)/z is independently from 0.1 to 8; or 
. an oxide of a d-block transition metal; or 

a d-block transition metal on a refractory support ; or 

a catalyst formed by heating a) or b) under the conditions of the reaction or under 
non-oxidizing conditions. The d-block transition metals are stated to be selected from those 
having atomic number 21 to 29, 40 to 47 and 72 to 79, the metals scandium, titanium, 
vanadium, chromium, manganese, iron, cobalt, nickel, copper, zirconium, niobium, 
molybdenum, technetium, ruthenium, rhodium, palladium, sUver, hafnm m tantalum, 
tungsten, rhenium, osmium, iridium, platinum and gold. Preferably M' is selected from Fe, 
Os, Co, Rh, Ir, Pd, Pt and particularly Ni and Ru. The exemplary conversions, selectrvities, 
and gas hourly space velocities are relatively low however, while reaction temperatures are 
relatively hi^ and the effects of coke fomiation are not addressed. 

European Patent Application Pub. No. 303,438 describes the production of 
synthesis gas by catalytic partial oxidation to overcome some of the disadvantages and costs 
of steam reforming. In tiiat process a monolithic catalyst is used, with or wifliout metal 
addition to the surface of the monolith, at space velocities of 20,000-500,000 hrl. The 
suggested metal coatings are Pt, Rh, &, Os, Ru, Ni, Cr, Co, Ce, La and mixhires thereof in 
addition to metals of the groups lA, UA, HI, IV, VB, VIB, or VUB of the Periodic Table of 
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the Elements. The exemplary reaction is catalyzed by a monolith of Pt-Pd on an 
alumina/cordierite support. Certain catalyst disks of dense wire mesh, such as high 
temperature aUoys or platinum mesh are also described. It is suggested that, optionally, the 
wire mesh may be coated with certain metals or metal oxides having catalytic activity for the 
5 oxidation reaction. 

U.S. Patent Nos. 5,756,421 and 5,338,488 describe certain NiO-MgO particulate 
catalysts for catalyzing the oxidative conversion of methane or natural gas to synthesis gas. 
One problem with many of the existing metal oxide syngas catalysts is the diflSculty of 
controlling the reaction temperature and the occurrence of "hot spots" in the catalyst bed, 
10 H.Y. Wang and E. Ruckenstein Catalysis 186:181-187 (1999); Applied 

Catalysis A: General 133:149-161 (1995); Catalysis Letters 36:145-^149 (1996); and Ind 
. Eng. Chem. Res. 37:1744-1747 (1998)) describe the partial oxidation of methane over MgO 
supported Rh, the CO2 reforming of methane over a Ni catalyst supported on MgO, and the 
coupling of CO2 reforming and partial oxidation of methane over a NiO/MgO soUd solution 
15 catalyst. It was reported that little sintering of the nickel or rhodium occmred due to the 
strong interaction of those metals with the MgO support. 

Y-G Chen aL (Catalysis Letters 39:91-95 (1996)) describe certain noble metal 
promoted Nio.03Mgo.97O soHd solution catalysts for CO2 reforming of methane. High 
temperature reduction is necessary to generate the reduced state Ni to catalyze the reforming 
20 ofCH4withC02. 

Although many of the prior art catalysts and processes constitute advancements in 
the field of synthesis gas generation, there still exists a need for better net catalytic partial 
oxidation processes and stable catalysts that are capable of high conversion and high 
selectivity for H2 and CO, without appreciable coking, over extended periods of operation. 
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SUMMARY OF INVENTION 

The present invention overcomes many of tiie deficiencies of conventional 
catalysts and processes for producing synthesis gas from Ught hydrocarbon feedstocks by a 
primarily partial oxidation reaction. In accordance with one aspect of tiie invention, a 
catalyst comprising a NiO-MgO coated porous metal alloy substrate and an active metal 
catalyst outer layer is provided. The NiO-MgO coating, which itself has catalytic activity, 
also functions as a diffusion barrier to the supported metal catalyst, thus preventing alloying 
of the catalyst metal the catalyst support. The new catalysts are better able to resist thennal 
shock than conventional catalysts and offer a more economic alternative to using large 
amounts of expensive metal catalysts, such as rhodium. Catalyzdng a predominantly partial 
oxidation reaction, the catalyst compositions of the present invention provide high CH4 
conversion levels and high selectivities for CO and H2 products and demonstrate lower run 
temperatures than is typical for a rhodium catalyst The close stacking of the coated metal 
substrates also provides better reaction temperature control due to good theimal integration 
of the catalyst bed. 

In accordance with another aspect of the invention, a process is provided which 
comprises the catalytic net partial oxidation of a hydrocarbon feedstock by contacting a feed 
stream comprising a hydrocarbon feedstock and an oxygen-containmg gas with a new 
catalyst, described herein, in a reaction zone maintained at conversion-promoting conditions 
effective to produce an eflQuent stream comprising carbon monoxide and hydrogen. 

In accordance with anoflier aspwt of the invention, a catalyst support comprising 
a protective layer of NiO-MgO is provided. In certain preferred embodiments the Ni:Mg 
stoichiometric atomic ratio ranges from about 9:91 to about 91:9. In some of these 
embodiments the thickness of the NiO-MgO layer coat ranges from about 690 nm to about 
4560 nm. 

8 
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In accordance with still other a^ects of tiie invention, a method of making the 
new NiO-MgO coated catalyst supports and catalysts are provided. Certaia preferred 
embodiments of these methods provide for applying a coating comprising a mixture of 
nickel and magnesium to at least one perforated fecralloy foil disk. Each such coated disk is 
then calcined at about 900°C for about 4 hrs, in an atmosphere containing oxygen. In some 
embodunents of the method of makmg a catalyst, the method also includes treating each of 
the calcined disks in a hydrogen atmosphere at about 900°C for about 4 hrs. and then 
applying a layer of rhodium over tiie Ni(0)-Mg(0) coated disk. 

These and other embodiments, features and advantages of the present invention 
will become apparent viiHi reference to the following description. 

DETAILED DESCRBPnON OF PREFERRED EMBODIMENTS 

A feed stream comprising a light hydrocarbon feedstock, such as methane, and an 

Oa-containing gas is contacted with a catalyst bed containing one' or more metal supported 

NiO-MgO catalysts, with or without a promoter layer, prepared substantially as described in 

one of the foregoing Examples. The supported catalyst units are favorably arranged to make 

up the catalyst bed in a reaction zone maintained at conversion-promoting conditions 

effective to produce an efQuent stream conqjrising carbon monoxide and hydrogen. 

Preferably a millisecond contact time reactor is employed, equipped for either axial or radial 

flow of reactant and product gases. Several schemes for carrying out catalytic partial 

oxidation (CPOX) of hydrocarbons in a short or millisecond contact time reactor have been 

described in flie literature. For example, L.D. Schmidt and his colleagues at flie University 

of Minnesota describe a millisecond contact time reactor in U.S. Pat No. 5,648,582 and in J: 

Catalysis 138, 267-282 (1992) for use in the production of synthesis gas by direct oxidation 

of methane over a catalyst such as platinum or rhodium A general description of major 

considerations involved in operating a reactor using millisecond contact times is given in 

9 
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are 



U.S. Patent No. 5,654.491. The disclosures of the above-mentioned references 
incorporated herem by reference. 

The present hydrocarbon conversion process produces synthesis gas ("syngas"), a 
mixture of carbon monoxide and hydrogen, from gaseous hydrocarbons having a low 
5 boiling point. The hydrocarbon feedstock is in fte gaseous phase when contacting the 
catalyst The process is suitable for the partial oxidation of methane, natural gas, associated 
gas or other sourbes of Ught hydrocarbons having 1 to 5 carbon atoms. Natural gas is mostly 
methane, but it can also contain up to about 15 mole % ethane, propane and butane. The 
process may be used for the conversion of gas from naturaUy occurring reserves of methane 
10 which can also contain carbon dioxide, nitrogen and hydrogen sulfide. Preferably, the feed 
comprises at least 50% by volume melhane, more preferably at least 75% by volume, and 
most preferably at least 80% by volume. 

Before the hydrocarbon feedstock gas coniHcts the catalyst, it is mixed with an 
oxygen (OaHontaining gas. which is preferably pure oxygen. TTie methane-containing feed 
15 gas and the oxygen-containing gas are preferably miied in such amounts to give a ratio of 
carbon to oxygen in the.range of from about 1.25 : 1 to about 3.3 : 1. more preferably from 
about 1.3 : 1 to about 2.3 : 1. and most preferably from about 1.5 : 1 to about 2.2 : 1. 
Preferably, an autothermal net partial oxidation reaction ensues, and the reaction conditions 
are maintained to promote continuation of the autolhamal process. The term "autothermal" 
20 means that after catalyst ignition, no additional or external heat must be suppUed to the 
catalyst in order for-the production of synthesis gas to continue. The process is conducted 
under autothermal reaction conditions wherein the fe«i is partially oxidized and the heat 
produced by that exothemiic reaction drives the cociinued reaction. Consequently, under 
autothermal process conditions there is no external heat source required. Autolheimal 
25 reaction conditions are promoted by optimizmg the coiKenliations pf hydrocarbon and O2 in 
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the reactant gas mixture, preferably within the range of about a 1.5:1 to about 2.3:1 ratio of 
carbonroxygen. The hydrocarbon:oxygen ratio is an important variable for maintaining the 
autolhermal reaction and the desired product selectivities. Pressure, residence time, amount 
of feed preheat and amount of nitrogen dilution, if used, also affect the reaction products. 
The process is operated at atmospheric or superatmospheric pressures, with the latter being 
preferred. The process is preferably operated at pressures of from about 1 10 kPa to about 
3,000 kPa, and more preferably at pressures of from about 500 kPa to about 2,000 kPa The 
process is operated at temperatures between about eOO'C and about 1300°C, and more 
preferably between about 800°C and about I100°C. The hydrocarbon feedstock and the 
oxygen-containing gas are preferably pre-heated to a temperature between about SO^C and 
about 700°C, more preferably between about 300°C and about 500°C. The preferred 
conversion-promoting conditions also include maintaining a catalyst residence time of no 
more than about 10 milliseconds for the reactant gas mixture. This is accomplished by 
passing the reactant gas mixture over, the catalyst at high space velocity. Preferred velocities 
for the process, stated as normal liters of gas per .kilogram of catalyst per hour, are from 
about 60,000 to about 20,000,000 NIAg/h. The conversion-promoting conditions of 
reaction zone temperature, reactant gas composition, space velocity and pressure are 
maintained, effective to produce an effluent stream comprising carbon monoxide and 
hydrogen. The product gas mixture emerging from the reactor is harvested and may be 
sampled for analysis ofproducts, including CR,, O2, CO, H2 and CO2. If desired, the syngas 
product may be routed directly into a variety of qjplications. One such preferred application 
is for producing higher molecular weight hydrocarbon components using Fisher-Tropsch 
technology. 

Although not wishing to be bound by any particular theory, the inventors are of 
the opinion that flie primary reaction catalyzed by the preferred catalysts described herein is 

11 
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the partial oxidation reaction of Equation 2, described above in the background of the 
invention with respect to a pure methane feed. Other chemical reactions may also occur to a 
lesser extent, catalyzed by the same catalyst composition, to yield a net partial oxidation 
reactioa For example, in the course of syngas generation, intemiediates such as CO2 + H2O 
5 may occur to a lesser extent as a result of the oxidation of methane, foUowed by a reforming 
step to produce CO and H2. Also, particularly in the presence of carbon dioxide-containing 
feedstock or CO2 intermediate, the reaction 

CH4 + C02 ^ 2CO + 2H2 (3) 
may also occur during the production of syngas. Accordingly, the tenn "catalytic 
10 partial oxidation" when used in the context of the present syngas production method, in 
addition to its usual meaning, can also refer to a net catalytic partial oxidation process, in 
which a li^ hydrocarbon, such as methane, and O2 are suppUed as reactants and the 
resulting product stream is predominantly the partial oxidation products CO and H2. in a 
molar ratio of approximately 2:1, when methane is the hydrocarbon, rather than the 
15 complete oxidation products CO2 and H2O. 
. Catalysts 

The catalyst used in the process comprises a mixture of nickel oxide and 
magnesium oxide supported on, or coating a metal substrate. A promoter metal, such as 
rhodium, may be included as an outer layer over the NiO-MgO coat Although rhodium is 

20 prefenred, other catalyticaUy active metals such as nickel, cobalt, aluminum, and 
combinations thereof are expected to also serve as satisfectory catalyst outer layers. The 
metal substrate, or support, is preferably porous, and more preferably is a perforated foU 
with a thickness of from about 50 micrometers up to about 5,000 micrometers. Any of a 
wide variety of grid geometiies can be used to define the center locations of the perforations. 

25 The perforations themselves can also have any geometrical shape (e.g., round, square). The 

12 
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maximum percent of the total area of the foU taken up by the perforations is detemiined by 
the residual mechanical strength of the foil and the minimum bearing surface area required 
to support the catalyst coating. 

Alternatively, the support can be a metal foam, a wire mesh, a gauze or any other 
product form that is suitable for low pressure drop operation. A suitable alternate support 
would have mechanical strength and bearing surface area characteristics similar to those of 
the above-described perforated foils. 

Reactants containing nickel and magnesium are applied to the support by vapor 
deposition, impregnation, washcoating, adsorption, ion exchange, precipitation, co- 
precipitation, deposition precipitation, sol-gel method, slurry dip-coating, microwave 
heating, and the like, or any other suitable method applying a uniform, thin coating on the 
metal substrate. Such techniques are well known in the art and have been described in the 
literature. In a preferred vapor deposition method the support is contacted with vapors of 
nickel, magnesixmi and, optionally, one or more promoters. The vapor-deposited support is 
then calcined. Calcination reaction products tibat could potentially fonn at the 
support/coating interface are not likely to detrimentally interact with the formed NiO-Mg(3 
compound. 

It is preferred that the Ni and the Mg are applied together in a combined layer and 
a promoter metal is then applied as a thin overlayer. A plurality of these coated substrates 
are then stacked together to form a catalyst bed for use in a short contact time syngas 
production reactor, as described in the section entitled 'Test Procedure." Preferably about 5 
to about 100 pieces, or layers, are stacked together. Layer-to-layer rotational orientation can 
be random, or the individual coated supports can be stacked in a defined pattern to be within 
a given angular range. For example, for a square grid symmetry, an angular alignment of 20 
degrees is preferred. For a hexagonal grid symmetry, an angular alignment of 25 degrees is 

13 
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preferred. A number of other suitable angular aUgnments are possible, provided that they 
are non-commensurate with the rotation symmetry of the pattern. The fundamental aim 
being the minimi2ation of channeling, or preferential alignment, acaross several layers; or, 
from a complementary perspective, the maximization of tortuosity of the catalyst bed. The 
prefened metal supports, which are employed in the following examples, are MCrAlY 
alloys, in the foim of perforated foils, where M is Fe or Co or Ni. Preferably, M is Fe. 
FeCrAlY alloys are commercially available in thin sheets from well known suppliers. 

Ceramic foam monoliths are preferably placed upstream and downsfream of the 
catalyst bed and serve as radiation shields. The upstream radiation shield also aids in 
uniform distribution of the feed gases. A pluraHty of additional perforated foU supports is 
preferably provided upstream of the catalyst to further aid in uniform distributiori of the feed 
gas. These perforated foil layers do not include catalyst on their surfaces and may have the 
same perforation design and the layer-to-Iayer rotational orientation as the catalyst bed. 

■ Catalyst beds were fabricated by layering a number of identically prepared 
perforated metal foils coated with compositions comprising mixtures of nickel oxide and 
magnesium oxide. The perforated metal foil supports are defined by the mesh grid pattern 
used to locate the centers of the perforations, the shape and approximate dimensions of the 
perforations (or, equivalently, the approximate fractional open cross-sectional area), the foil 
thickness, the metallurgical composition of the foU and the temperature and time used to 
calcine the metal prior to deposition of the formulations containing Ni and %. Coating 
compositions consisting of mixtures comprising nickel oxide and magnesium oxide are 
generated via sequential high temperature treatments, in air and in hydrogen-containing 
atmospheres, of vapor deposited metalUc coatings defined by their Ni:Mg atomic ratio and 
their thickness. A subsequent metaUic overlayer can also be deposited. In each of the 
following Examples, the metal foil substrate was a steel alloy having the composition 21% 

14 
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Cr, 5% Al. 0.3% Y, 0.2% Si, balance Fe ("fecralloy"), which had been calcined at 1100°C 
for 50 hours, 0.05 mm thick, having square perforations measuring proximately 0.42 x 
0.42 mm^ located on a square 60-mesh grid pattern. In assembling tiie catalyst bed, a group 
of such disks were stacked in a random manner without attempting to aUgn the perforation 
5 pattern fiom disk to disk. 
L EXAMPLES 

Example 1. 91:9 NiO-MgO on Fecralloy Foil 

Perforated fecraUoy foil disks were placed on the substrate holder of a 

0 conventional vapor deposition reactor. Following a pumpdown to a pressure in the low IG* 
torr range, the reactor was filled wilh flowing argon to a pressure of 10 mtorr. and the 
substrate holder was rf glow ignited at 100 watts for 15 minutes. The if glow discharge was 
then turned off and the substrate holder was set in rotary motion at 10 ipm. The magnetron 
sputter v^ori2ation sources for nickel and magnesium were then turned on with a power 

1 ratio and duration required to yield a metalHc coating having a Ni:Mg atomic stoichiometric 
ratio of 91:9 and a thickness of 4560 nm. The metallized disks were then calcined in air at 
900''C for 4 hours and then treated in a hydrogen atmosphere at 900°C for 4 hours. 

Examples 9;91 NiO-MgO on Fecralloy Foil 

Perforated fecraUoy foil disks were placed on . flie substrate holder of a 

conventional v^or deposition reactor. Following a pumpdown to a pressure in the low 10"* 

tonr range, the reactor was fflled with flowing argon to a pressure of 10 mtorr, and the 

substrate holder was rf glow ignited at 100 watts for 15 minutes. The if glow discharge was 

then turned off and the substrate holder was set in rotary motion at 10 ipm. The magnetron 

sputter vaporization sources for nickel and magnesium were then turned on at a DC power 

ratio and duration required to yield a metalHc coating having a Ni:Mg atomic stoichiometric 

15 
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ratio of 9:91 and a thickness of 690 nm. The metallized disks were then calcined in air at 

m'C for 4 hours and then treated in a hydrogen atmosphere at 900°C for 4 hours, 
Subsequently, the disks were placed on the substrate holder of a conventional vapor 
deposition reactor. .FoUowing a pumpdown to a pressure in the low lO"* ton- range, the 
reactor was fiUed with flowing argon to a pressure of 10 mtorr, and the substrate holder was 
rf glow ignited at 100 watts for 15 minutes. The rf glow discharge was then turned off and 
the substrate holder was set in motion at 10 ipm. The magnetron sputter vaporization source 
for rhodium was then turned on at a DC power level and duration required to yield an 
overcoating having a thickness of 41 nm. 

The calcining step comprises heating in air or oxygen at SOO'C to 1000°C, 
preferably 900°C, for a period of time ranging from about 2 - 6 hours, preferably 4 hours. 
The calcining conditions are chosen such that a thin, tighfly adhering mixed layer of nickel 
oxide and magnesium oxide (NiO-MgO) is formed. This layer protects the underlying 
support alloy from oxidation during high ten^erature use. The NiO-MgO coating, which 
itself is catalytic active (as shown in Table 2), also functions as a diffusion banier to the 
supported metal catalyst, which is preferably rhodium, thus preventing aUoying of the 
catalyst metal with the alloy of the catalyst support. 

Examples. 143 nm Rhodiam/9:91 NiO-MgO on FecraUoy Foil 

Perforated fecraUoy foil disks were placed on the substrate holder of a 

conventional vapor deposition reactor. Following a pumpdown to a pressure in fee low 10"** 

ton- range, the reactor was filled with flowing argon to a pressure of 10 mtorr, and the 

substrate holder was rf glow ignited at 100 watts for 15 minutes. The if glow discharge was 

then tumed off and the substi^te holder was set in rotary motion at 10 ipm The magnetron 

sputter vaporization sources for nickel and magnesium were then tumed on at a DC power 

ratio and duration required to yield a metalKc coating having a KiMg atomic stoichiometric 
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iBtioof9:91 and a thickness of 690 nm. The metalUzed disks were then calcined in air at 
900°C for 4 hours and then treated in a hydrogen atmosphere at 900''C for 4 hours. 
Subsequently, the disks were placed on the substrate holder of a conventional v^or 
deposition reactor. FoUowing a pumpdown to a pressure in the low lO^^ torr range, the 
reactor was filled with flowing argon to a pressure of 10 mtorr, and the substrate holder was 
rf glow ignited at 100 watts for 15 minutes. The rf glow discharge was then turned off and 
the substrate holder was set in motion at 1 0 rpm. The magnetron sputter vaporization source 
for rhodium was then turned on at a DC power level and duration required to yield an 
overcoating having a thickness of 143 nm. 

Example 4. 361 nM Rhodinm/9:91 NiO-MgO on FecraUoy Foil 

Perforated fecralloy foil disks were placed on the substrate holder of a 
conventional vapor deposition reactor. FoUowing apumpdown to apressure in the low lO"* 
torr range, the reactor was filled with flowing argon to a pressure of 10 mtoir, and the 
substrate holder was rf glow ignited at 100 watts for 15 miniites. The rf glow discharge was 
then turned off and the substrate holder was set in rotary motion at 10 ipm. The magnetron 
sputter vaporization sources for nickel and magnesium were then turned on at a DC power 
ratio and duration required to yield a metallic coating having a Ni:Mg atomic stoichiometric 
ratio of 9:91 and a thickness of 690 nm. The metallized disks were then calcined in air at 
900°C for 4 hours and thai treated in a hydrogen atmosphere at 900°C for 4 horns. 
Subsequently, the disks were placed on the substrate holder of a conventional v^r 
deposition reactor. Following a pumpdoAvn to a pressure in the low lO"** torr range, the 
reactor was filled with flowing argon to a pressure of 10 mtoir, and the substrate holder was 
rf glow ignited at 100 watts for 15 minutes. The rf glow discharge was then turned off and 
the substrate holder was set in motion at 10 ipm. The magnetron sputter vaporization source 
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for rhodium was then turned on at a DC power level and duration required to yield an 

overcoating having a thickness of 361 nm. 

Example 5. 143 nM Rh/12:88 NiO-MgO on Fecralloy Fofl 

Perforated fecralloy fofl disks were placed on the substrate holder of a 
5 conventional vapor deposition reactor. Following a pumpdown to a pressure in the low 1 Q-^ 
toir range, the reactor was filled with flowing argon to a pressure of 10 mtorr, and the 
substrateholderwasrfglowignitedatlOOwattsforlSminntes. Therf glow discharge was 
then turned off and the substrate holder was set in rotaiy motion at 10 ipm. The magnetron 
sputter vaporization sources for nickel and magnesium were then turned on at a DC power 
0 ratio and duration required to yield a metalHc coating having a MMg atomic stoichiometric 
ratio of 12:88 and a thickness of 4330 nm. The metallized disks were then calcined in air at 
900°C for 4 hours and then treated in a hydrogen atmosphere at 900°C for 4 hours. 
Subsequently, the disks were placed on the substrate holder of a conventional vapor 
deposition reactor. Following a pumpdown to a pressure in the low 10"* toir range, the 
) reactor was filled with flowing argon to a pressure of 10 mtoir, and the substrate holder was 
•rf glow ignited at 100 watts for 15 minutes. The rf glow discharge was then turned off and 
the substrate holder was set in motion at 10 ipm. The magnetron sputter v^orization source 
for rhodium was then tumed on at a DC pow level and duration required to yield an 
overcoating having a thickness of 41 nm. 
Example 6. 41iiMRh/12:88NiO-MgOonFecraUoyFofl 

Perforated fecralloy fofl disks were placed on the substrate holder of a 
conventional vapor deposition reactor. Following apumpdown to apressuie in the low 10"* 
toir range, the reactor was filled with flowing argon to a pressure of 10 mtoir, and the 
substrate holder was rf glow ignited at 100 watts for 15 miautes. Ihe rf glow discharge was 
then ttuned off and the substrate holder was set in rotary motion at 10 ipm. The magnetron 
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Sputter vapoiizabon sources tor mckel and magnesium were then turned on at a DC power 

ratio and duration required to yield a metaUic coating having a Ni:Mg atomic stoichiometric 
ratio of 12:88 and a tbickness of 4330 nm. The metallized disks were then calcined in air at 
900°C for 4 hours and then treated in a hydrogai atmosphere at 900°C for 4 hours. 
Subsequently, the disks were placed on the substrate holder of a conventional vapor 
deposition reactor. FoUowing a pumpdown to a pressure in the low 10** toir range, the 
reactor was filled with flowing argon to a pressure of 1 0 mtoir, and the substrate holder was 
rf glow ignited at 100 watts for 15 minutes. The rf glow discharge was then turned off and 
the substrate holda: was set in motion at 10 ipm. The magnetron sputter vaporization source 
for rhodium was fhsa turned on at a DC power level and duration required to yield an 
overcoating having a thickness of 143 nm. 
Example 7. 361 nM Rh/12:88 NiO-MgO on Fecralloy FoU 

Prafoiated fecralloy foil didcs were placed on the substrate holder of a 
conventional vapor deposition reactor. Following a pumpdown to a pressure in the low 10"^ 
ton- range, the reactor was filled with flowing argon to a pressure of 10 mtoir, and the 
substrate holder was rf glow ignited at 100 watts for 15 minutes. The rf glow discharge was 
then turned off and flie subshate holder was set in rotary motion at 10 rpm. The magnetron 
sputter vq)orization sources for nickel and magnesium were then turned on at a DC power 
ratio and duration required to yield a metallic coating having a Ni:Mg atomic stoichiometric 
ratio of 12:88 and a feickness of 4330 nm. The metallized disks were then calcined in air at 
900°C for 4 hours and then treated in a hydrogen atmosphere at 900°C for 4 hours. 
Subsequently, the disks were placed on the substrate holder of a conventional v^or 
deposition reactor. Following a pumpdown to a pressure in the low 10"* torr range, fte 
reactor was filled wifli flowing argon to a pressure of 10 mtorr, and the substrate holder was 
if glow ignited at 100 watts for 15 minutes. The rf glow discharge was then turned off and 
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thesubstrateholderwassetinmotionatlOipm. lie magnetron sputter vaporization source 

for rhodium was then turned on at a DC power level and duration required to yield an 
overcoating having a thickness of 361 mn. 

The representative catalyst compositions of Examples 1-7 are summarized in 



Table 1. 



Table 1 



EX 


Nl:Mg 
Atomic 
Ratio 


First Coating 
Thickness 


Air 
Treatment 
(»C/hn5) 


Hi 

Treatment 


Composition 


Overcoating 
Tiiickness 
fam) 


1 


91:9 


4560 


900/4 


900/4 


None 


N/A 


2 


9:91 


690 


900/4 


None 


Rh 


41 


3 


9:91 


690 


900/4 


None 


Rh 


143 


4 


9:91 


690 


900/4 


None 


Rh 


361 


5 


12:88 


4330 


900/4 


None 


Rh 


41 


6 


12:88 


4330 


900/4 


None 


Rh 


143 


7 


12:88 


4330 


900/4 


None 


Rh 


361 



Test Procedure 

Representative catalysts prepared according the foregoing Examples were tested 
10 for their catalytic activity and physical durability in a reduced scale conventional flow 
apparatus using a 19 mm 0.D x 13 mm LD and 305 mm (12") long quartz reactor suitable 
for ninning hydrocarbon partial oxidation reactions. Ceramic foam blocks comprising 99% 
alumina (12mm OX), x 5 mm of 45 ppi) were placed before and after the catalyst as 
radiation shields. An Inconel® (nickel aUoy sheathed, single point K-lype 
(Chromel/Alumel)) thermocouple ("TC") was placed axially inside the reactor touch^g the 
top (inlet) face of the radiation shield. A high temperature S-ljpe (PbT't 10% Rh) bare wire 
TC was positioned axially touching the bottom fece of the catalyst and was used to indicate 
the reaction temperature. The catalyst and the two radiation shields were sealed against the 
walls of the quartz reactor by wrapping their sides with a high purity (99.5%) alumina paper. 
A 600 watt band heater set at 90% electrical output was placed around the quartz tube and 
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provided heat to li^t off the reaction and preheat the feed gases. The bottom of the band 
heater corresponded to the top of the upper radiation shield. 

In addition to the TC's placed above and below the catalyst, the reactor also 
contamed two axially positioned, triple-point TC's, one before and another after the catalyst 
5 These triple-point thermocouples were used to detehnine the temperature profiles of 
reactants and products subjected to preheating and quenching, respectively. 

All runs were done at a CH4:02 molar ratio of 2:1, the reactant gas feed 
comprised 60% CH4, 30% O2. 10% N2. unless otherwise indicated, with a combined flow 
rate up to 7.7 SLPM (431,720 GHSV) and operating at a pressure of 5 psig (136 kPa) or 
10 more. The reactor effluent was analyzed using a gas chromatograph equipped with a thermal 
conductivity detector. The C, H and O mass balances were all between 98% and 102%. 

The results obtained from testing the catalyst compositions of Examples 1-7, as 
described under Test Procedure" axe shown m Table 2 . 
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Example 
No. 


No. 
Layers 


Total 
How 
(SLPM) 


Preheat 
"C 


Reactor 

°C 


%CH4 
Cony. 


Conv. 


%co 

Sel. 


%H2 

Sel. 


1 


19 
19 
19 


2.5 
5.0 
7.5 


736 
691 
447 


873 
889 
886 


92 
93 
88 


100 
100 
100 


98 
98 
97 


98 
98 
95 


2 


19 


2.5 


570 


1070 


69 


100 


91 


94 


3 


19 


2.5 


520 


1037 


82 


100 


95 


93 


4 


19 
19 


2.5 
7.5 


470 
200 


950 
1070 


84 
81 


100 
100 


96 
95 


94 
90 


5 


19 


2.5 


480 


850 


87 


100 


96 


97 


6 


19 
19 


2.5 
6.2 


500 
135 


790 
1040 


89 
68 


100 
100 


96 
91 


98 
87 


7 


19 


2.5 


540 


1070 


90 


100 


97 


97 
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Example 
No. 


No. 

Layers 


Total 

Flow 
(SLPIVO 


Preheat 

°C 


Reactor 
"C 


%CH4 
Conv. 


%02 

Conv. 


%CO 
Sd. 


Sel. 




19 


7.5 


255 


920 


75 


100 


95 


88 



Feed: 62%CH4,30% O2,8%N2 



As shown in Table 2, the mn perfonnance of the representative catalysts 
improved as the Ni:Mg atomic ratio, the thickness of the NiO-MgO coating and the 
thickness of the rhodium overcoating all increased. These catalysts also provide thermal 
shock resistance and minimize the use of expensive rhodium metal, and processes 
employing the catalysts operate at temperatures below that which is typical using 
conventional rhodium catalysts. A catalyst bed comprised of a stack of the above-described 
coated metal substrates also provides better thermal integration than typical partial oxidation 
catalysts beds. The term "thermal integration" refers to stable catalyst stmctures and 
supports with favorable heat conduction properties that facilitate heat balancing between the 
exothemiic and endolhermic reactions that may take place in different areas of the catalyst 
bed, when a catalyst is employed on-stream in a syngas production reactor. 

While the preferred embodiments of the invention have been shown and 
described, modifications thereof can be made by one skiUed in the art without departing 
from the spirit and teachings of the invention. The embodiments described herein are 
exemplary only, and are not intended to be limiting. Many variations and modifications of 
the invention disclosed herein are possible and are within the scope of the invention. 
Accordingly, the scope of protection is not limited by the description set out above, but is 
only limited by the claims which follow, that scope including all equivalents of the subject 
matter of the claims. The disclosure of U.S. Provisional Patent Application No. 60/21 1,077 
filed June 13, 2000 is hereby incorporated herein by reference. All patents, patent 
q)pIications and publications cited herein are hereby incorporated herein by reference. 
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CLAIMS 

What is claimed is: 

1 . A process for the catalytic partial oxidation of a hydrocarbon feedstock comprising: 
mixing together a hydrocarbon feedstock and an 02-containing gas to provide a 

reactant gas mixture; 

contacting a stream of said reactant gas mixture with a catalyst in a reaction zone 
maintained at catalytic partial oxidation-promoting conditions effective to produce an 
effluent stream comprising carbon monoxide and hydrogen, said catalyst comprising a 
mixture of nickel oxide and magnesium oxide supported on a metal substrate and, 
optionally, a layer of a catalytically active metal on said mixture of nickel oxide and 
magnesium oxide. 

2. The process of claim 1 wherein the hydrocaibon feedstock comprises at least 80% 
by volume methane. 

3. The process of claim 2 wherein the methane to oxygen ratio is from about 1.5:1 to 
about 2.2:1. 

4. The process of claim 1 wherein the reaction pressure is from about 500 kPa to about 
2,800 kPa. 

5. The process of claim 1 wherein said hydrocarbon feedstock and said oxygen- 
containing gas are pre-heated to about 300°C before contact with the catalyst. 
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6. The process of claim 1 wherein said hydrocarbon feedstock and said oxygen- 
containing gas are passed over the catalyst at space velocities of from about 150,000 to 
about 10,000,000 NL/kg/h. 

7. The process of claim 1 wherein said promoter comprises rhodium. 

8. The process of claim 1 wherein said substrate comprises a Fe, Cr, Al, Y alloy. 

9. The process of claim 1 wherein said substrate is about 50 - 5000 microns thick. 

10. The process of claim 1 wherein said substrate is a perforated metal foil. 

11. The process of claim 1 wherein said catalyst comprises a Ni;Mg atomic 
stoichionietric ratio of about 9:91 to 91 :9. 

12. The process of claim 11 wherein said catalyst comprises a Ni:Mg atomic 
stoichiometric ratio of about 12:88. 

13. The process of claim 11 wherem said catalyst comprises a NiO-MgO layer about 
690-4560 nm thick on said substrate. 

14. The process of claim 1 1 wherein said catalyst comprises a rhodium layer about 41- 
361 nm thick on said nickel oxide and magnesium oxide. 
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15. A syngas catalyst comprising a porous metal substrate coated with a layer of NiO- 

MgO and, optionally, an outer layer comprising a promoter metal disposed on said NiO- 
MgO layer. 

16. The catalyst of claim 15 wherein said promoter is rhodium. 

17. The catalyst of claim 15 wherein said substrate comprises a Fe, Cr, Al, Y alloy. 

18. The catalyst of claim 15 wherein said substrate is about 50 - 5000 microns thick. 

19. The catalyst of claim 15 wherein said substrate is a perforated foil. 

20. A support for a catalyst comprising a porous metal substrate coated with a mixture of 
nickel oxide and magnesium oxide. 

21. A method of making a chemically stable metal support for a metal catalyst 
coniprising: 

simultaneously applying a coating of nickel and magnesium to at least one perforated 
fecralloyfoil disk; 

calcining each said coated disk at about 900°C for about 4 hrs: in an atmosphere containing 
oxygen. 

treating each said calcined disk in a hydrogen atmosphere at about 900^C for about 4 hrs. to 
provide at least one hydrogen treated NiO-MgO coated disk; 

22. A method of making a catalyst that is active for catalyzing the production of 
synthesis gas from a Hght hydrocarbon, the method comprising: 
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applying a coating comprising a mixture of nickel and magaesium to at least one perforated 
fecralloy foil disk; 

caldning each said coated disk at about 900°C for about 4 hrs. ia an atmosphere containing 
oxygen; 

5 optionaUy, treating each said calcined disk in a hydrogen atmosphere at about 900»C for 
about 4 hiB. to provide at least one hydrogen treated NiO-MgO coated disk; 
optionaUy, applying a layer of rhodium over each said hydrogen treated NiO-MgO disk. 

23. The method of claim 22 wherein said steps of applying comprise vapor deposition. 

10 

24. The method of claim 22 wherein said step of simultaneously applying a coating of 
nickel and magnesimn comprises forming a Ni-Mg layer having a NiMg atomic 
stoichiometric ratio of 9:91 to 91:9. 



15 25. The method of claim 24 wherein said forming comprises forming a Ni-Mg layer 
having a NidSdg atomic stoichiometric ratio of about 12:88. 

26. The method of claim 22 wherein said step of simultaneously applying a coating of 
nickel and magnesimn comprises fomiing aNi-Mg layer having a thickness of about 690- 
20 4560 nm. 



27. The method of claim 22 comprising applying an approximately 41 nm to 361 
thick coat of rhodium over said nickel and magnesium layer. 



nm 
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